AIM To compare three reaching movements made in two planes between a low-cost, gamebased virtual reality and a matched physical environment in typically developing children and children with cerebral palsy (CP). To determine if differences in kinematics are related to sensory deficits.
There is growing interest in using virtual reality technology to improve sensorimotor function in children with cerebral palsy (CP). 1 Virtual reality is a computer-based technology used to create virtual environments in which movement practice can be intensified and real-time interactions can occur. 2 Virtual environments can optimize neuroplasticity and learning by enhancing motivation and manipulating motor learning variables and task difficulty according to the user. 3 However, perception of object location in virtual environments may differ from physical environments because of limited or altered visual cues (e.g. display resolution, shadows, drop lines, perspective). 4 Self-motion perception and accuracy of movement-related feedback may be affected by decreased motion tracking accuracy, affecting motor learning. 5 For example, reaching movements made in 2D video-capture and 3D virtual environments were slower and more curved than those in a matched physical environment in adults with and without stroke. 6, 7 For 2D reaching, healthy adults used more elbow extension than for a matched task in physical environments because of uncertainty of target distance. 8 Object location in virtual environments could be perceived differently by typically developing children and children with unilateral CP compared to adults because of differences in previous experience, 9 memory, and developmental stage. 10 Sensory impairments may also affect learning in virtual environments in children with unilateral CP. 11 Thus, comparing movements made between a low-cost, game-based virtual environment and physical environment may determine whether movements are affected by the quality of motion tracking and the visual environment to inform clinicians about what treatment goals can be achieved using such systems. The question guiding our research was: are movements made in each of the two environments similar in typically developing children and in children with mild unilateral CP?
Our first objective was to compare upper-limb and trunk kinematics of three gestures made in two planes in a 2D virtual environment to those made in a physical environment in typically developing children and children with CP. Our second objective was to determine the relationships between sensory impairments and reaching kinematics in children with CP. Based on previously identified differences in endpoint kinematics 7, 8 for movements made in virtual environments, we hypothesized that: (1) reaches made in the virtual environments would be slower and more curved, and made with altered shoulder, elbow, and trunk kinematics compared to those made in a matched physical environment in both typically developing children and children with CP; (2) children with CP would make slower movements and use more trunk flexion in the virtual environment compared to typically developing children; and (3) altered kinematics in children with CP would be related to sensory deficits.
METHOD Participants
Children were included if they could sit unsupported, reach in each direction, understood instructions, had full active range of motion, had functional vision, and were cooperative. In addition, children with CP were included if they had mild unilateral CP considered to be in Manual Ability Classification System 12 level I or II and were cooperative. Manual Ability Classification System levels were determined by each child's regular experienced clinician. Exclusion criteria were the presence of other neurological or musculoskeletal impairments or uncorrected vision. Out of 36 children contacted, 17 typically developing children (eight males, nine females; mean age 13y [SD] 2y 2mo, range 9y 3mo-17y 2mo; 14 right-handed) and 10 children with unilateral CP (nine males, one female; mean age 13y 8mo [SD] 1y 8mo, range 11y 1mo-17y 1mo; 5 righthanded) were recruited. Handedness (Edinburgh Handedness Inventory) 13 was verified before participation. Reasons for non-participation included scheduling problems and non-compliance with inclusion criteria. Parents and children signed informed consent/child-assent forms approved by the Centre for Interdisciplinary Research in Rehabilitation Ethics Committee.
Experimental procedure
Children participated in one session, which included clinical assessments followed by the experimental task in this observational study. Clinical evaluations were performed by an occupational therapist with over 2 years' experience.
Clinical evaluation
For sensory evaluation, tactile thresholds on the hand dorsum were assessed with valid and reliable Semmes-Weinstein filaments (Lafayette Instruments, Lafayette, IN, USA). Semmes-Weinstein values in 11-to 17-year-old typically developing children are 2.83.
14 Upper-limb proprioception (thumb, wrist, elbow, shoulder) was scored from 0 to 2 points using the Fugl-Meyer scale, where 2 indicates no deficit, for a maximal score of 8. 15 The Fugl-Meyer scale also assessed range of motion of 12 movements of fingers, wrist, forearm, elbow, and shoulder on 3-point scales where 24 points represented full, painless range. 15 Elbow flexor spasticity was assessed using the Tardieu scale, 16 a 6-level ordinal scale classifying resistance felt by the examiner during passive stretching done at three different velocities.
Experimental session
Children sat comfortably on an adjustable chair with feet supported and their unrestricted trunk held close to the chair back (Fig. 1a) . The arm was initially alongside the body with the elbow flexed to 90 degrees and the hand over the navel. The contralateral arm was alongside the body. At an auditory signal, children performed a sagittal, frontal, or vertical arm movement at a comfortable speed as accurately as possible. Since gestures did not require high precision and differences between dominant and nondominant arms were not expected, gestures were made by the dominant arm in typically developing children and the more-affected arm in children with CP.
Physical environment
In the physical environment, seven round targets (65mm radius) positioned on a wooden frame guided the gestures (Fig. 1b) . Target 1 was in front of the participant at maximal arm length (measured from medial axilla to distal wrist crease with extended elbow) 17 plus 50mm to avoid haptic feedback that could result in altered reaching kinematics. 18 Children were explicitly instructed not to touch the targets to duplicate haptic conditions in both environments.
The game required children to trace three different trajectory paths to reach final targets and then to return their hand to the initial position. An anterior-posterior gesture was made in the sagittal plane in which children moved their hand through targets 1, 4, and 5 and then returned it to the initial position via targets 4 and 1. A medio-lateral gesture was made in the frontal plane, consisting of moving the hand through targets 2, 1, and 3 and returning via targets 1 and 2. A vertical gesture (i.e. up-down) was made in the sagittal plane in which children moved their hand through targets 7, 6, 1, and back via targets 6 and 7. Fifteen trials were recorded per gesture but only movements of matched target distances were analyzed.
What this paper adds
• Upper-limb kinematics differed in each group when reaching in physical versus virtual environments.
• There were small differences in movements made by children with mild unilateral cerebral palsy (CP) compared to typically developing children.
• Differences in reaching kinematics should be considered when goal setting using virtual reality interventions for children with mild unilateral CP.
Participants practiced five trials per environment before recording for task familiarization. To avoid fatigue, 2-minute rest periods were allowed between gestures. Gesture sequence was randomized using a permuted-block procedure to avoid learning. A successful reach occurred when the hand was within AE5cm of the target center visually determined by the examiner and signaled verbally to the child.
Virtual environment
A 2D virtual environment with 3D rendering (Jintronix Rehabilitation System, Montreal, QC, Canada) was displayed on a 29-inch screen. Arm and trunk movements were tracked with a Kinect camera (Microsoft, Redmond, WA, USA) placed 1.5m in front of the participant (Fig. 1c) . The virtual environments reproduced the three gestures (sagittal, frontal, and vertical) with the same dimensions as the physical environment using a sequence of colored targets. To compare gestures between environments, target locations and distances were measured in the physical environment with the Polhemus system (see 'Data collection') and reproduced in the virtual environments. In virtual environments, the hand avatar was a fish controlled directly by hand movements. The virtual environments provided the user with knowledge of results on task success (i.e. a 'ding' sound for successful task) and terminal knowledge of performance on movement precision and speed as percentage scores. 
Data collection
Movements were recorded with a wireless electromagnetic tracking system (Polhemus G4, Colchester, VT, USA; 120Hz) with six sensors placed on the index metacarpophalangeal joint, mid-forearm, mid-arm, ipsilateral and contralateral acromions, and mid-sternum. Positional (x,y, z) and rotational (pitch, roll, yaw) data were low-pass filtered (10Hz) and used to reconstruct 3D angles 19 using quaternions and Euler angles. Computations accounted for sensor locations and anthropomorphic data (arm length, distances between sensors, and joint centers) using custom software.
Data analysis
Only reliable kinematics for describing reaching in similarly aged children with CP were used. 17 Since endpoint spatiotemporal parameters do not distinguish between movements accomplished with and without motor compensations, 20 movement quality variables (i.e. joint rotations measured in body-centered coordinates) 17 were also assessed. Thus, we described movement at two levels: (1) endpoint performance (movement time, time-to-peak velocity, distance, trajectory straightness) and (2) movement quality (shoulder abduction/flexion, elbow extension, trunk flexion/rotation).
Although the task involved a sequence of two to four movement segments for different gestures, only one segment per gesture was analyzed. Segment onset/offsets were identified by changes in endpoint movement direction, defined as times when endpoint tangential velocity rose above or fell below 10% of peak velocity for at least 50ms. For the sagittal gesture, the segment between targets 1 and 5 (anterior-posterior movement) was analyzed. For the frontal gesture (medio-lateral), the segment between targets 2 and 3 was analyzed. For the vertical gesture (up-down), the segment between targets 7 and 1 was analyzed.
Movement time (s), time-to-peak velocity (s), and endpoint distance (cm) were calculated based on the 3D displacement of the metacarpo-phalangeal marker for each segment. Trajectory straightness was measured with the index of curvature as the ratio of actual endpoint path length to that of a straight line joining initial and final positions, where 1 indicates an ideal straight line. 21 For shoulder movements, the arm outstretched laterally in line with the shoulder was defined as 0 degrees of shoulder horizontal abduction and the arm positioned alongside the body was as 0 degrees for shoulder flexion. Elbow extension was defined as 180 degrees with the arm outstretched. For trunk flexion, the initial position was 0 degrees with positive values indicating forward trunk pitch. Trunk rotation was computed from the mid-sternal marker where initial position was 0 degrees and rotation towards the moving arm was positive. All data were considered in the same frame of reference by inverting data from the left arm to the coordinates of the right arm.
Statistical analysis
Sample size calculation performed in G*Power (version 3.1.9.2; Heinrich-Heine-Universit€ at D€ usseldorf, D€ usseldorf, Germany) and multivariate analysis of variance (2-tailed) with parameters (a=0.05, 1Àb=0.95, effect size=0.30), two groups, and nine measurements resulted in a total recruitment of 20 children. The potential limitation of small sample size was offset by the inclusion of nine measurements to secure a power of 95. 22 Data normality was verified with Levene's tests. For our first objective, three (sagittal, frontal, and vertical) two-way repeated multivariate analysis of variances measured interactions between environments (within-subject) and groups (between-subject). In each analysis, four endpoint performance measures and five movement quality measures were dependent variables whereas environments and groups were independent variables. For our second objective, Pearson correlations were done between kinematic variables and clinical sensory assessments. Analyses were done with SPSS (version 20.0; IBM Corp., Armonk, NY, USA) and minimal significance levels of p<0.050.
RESULTS
Two children with CP had increased tactile thresholds and no children had proprioceptive deficits (Table I ). All children completed the sagittal gesture in each environment but data from only 10 typically developing children for frontal and vertical gestures were used. Data from seven typically developing children were excluded since gesture lengths differed by less than 6cm (i.e. 10% of the trajectory length) between environments whereas gesture lengths were equivalent between environments for the 10 children with CP. Kinect tracking errors may have led to greater trajectory distances than anticipated. Exclusion of these data was necessary since reaching gestures of unmatched lengths would result in differences in kinematics.
Examples of typical endpoint trajectories from one typically developing child and one child with CP made in two environments are shown in Figure 2 . Overall, trajectories were more curved in virtual environments for all three gestures compared to physical environments in all children with CP while they were only more curved for the vertical gesture in virtual environments in all typically developing children.
Movements made by typically developing children in virtual environments compared to physical environment
Overall, regardless of the gesture, typically developing children made slower movements (F 1,9 =18.323; p=0.002) and used less trunk flexion (F 1,9 =18.372; p=0.002) and rotation (F 1,9 =7.022; p=0.026) in virtual environments. For example, time to peak velocity of sagittal gestures in virtual environments was 60ms (21.8%) longer than those in the physical environment (p=0.018; Fig. 3a ; see Table SI , online supporting information) and movement times were prolonged by 364ms (51.4%) and 207ms (32.5%) for frontal (p=0.001, Fig. 3b ) and vertical (p=0.007; Fig. 3c ) gestures respectively. Sagittal and frontal movements were made with 40.7% (À3.3°, p=0.008) and 50.6% (À4.3°, p=0.007) less trunk flexion and 40.5% (À1.7°, p=0.015), and 45.7% (À3.8°, p=0.012) less trunk rotation respectively. Vertical movements were 3.9% less straight (0.04, p=0.002) and involved 30 degrees (155.4%) more shoulder abduction (p=0.001). All other variables were similar.
Movements made by children with CP in virtual environments compared to physical environment
For children with CP, movement time was not affected but trajectories were more curved (F 1,9 =13.757; p=0.005), and less trunk movement was used (flexion: F 1,9 =16.911; p=0.003; rotation: F 1,9 =13.232; p=0.005) in virtual environments. For example, movement time was shorter by 109ms (À14.9%) for the sagittal gesture (p=0.036; Fig. 3a ; see Table SII , online supporting information). Sagittal, frontal, and vertical gestures were more curved by 2.8% (p=0.035), 5.8% (p=0.006, Fig. 3b) , and 6.7% (p=0.007, Fig. 3c ) respectively. Sagittal and frontal gestures were made with 49.0% (À4.8°, p=0.018) and 39.4% (À2.8°, p=0.001) less trunk flexion as well as 44.4% (À2.0°, p=0.015) and 39.7% (À2.3°, p=0.025) less trunk rotation respectively. Frontal movement used 73.6% more shoulder flexion (11.7°, p=0.025). Vertical movements were slightly longer by 1.4cm (3.1%, p=0.001) and involved 54.9% more shoulder abduction (14.7°, p=0.005) and 58.1% more elbow extension (12.5°, p=0.043). All other variables were similar.
Movements made by typically developing children compared to children with CP
There were small differences between groups for sagittal and frontal gestures. Typically developing children made faster movements (by 97ms, p=0.042) for the sagittal gesture and used 29.7% more trunk rotation (1.95°, p=0.024) for the frontal gesture. However, the vertical gesture was longer in both environments by a mean of 10.2cm (19.3%, p=0.032) and involved 24.4% more shoulder flexion (14.6°, p=0.017) in typically developing children while it was slightly more curved by 2.8% (p=0.047) in children with CP.
Movements made by both groups between environments
There were no group by environment interactions for the sagittal and vertical gestures. Longer movement by 4.8cm in virtual environments for the frontal gesture in typically developing children was observed (F 1,39 =4.138, p=0.049; see Tables SI and SII) .
Relationship with clinical status of children with CP
Endpoint performance variables were not related to tactile thresholds or proprioception. However, in virtual environments, greater sensory impairment (higher Semmes-Weinstein thresholds) was related to altered movement quality variables (frontal: less shoulder abduction, r=À0.702; more trunk flexion: r=0.686; vertical: more trunk flexion, r=0.734; sagittal: greater trunk rotation, r=0.736). In the physical environment, greater sensory impairment was related to greater trunk flexion for the sagittal gesture (r=0.641). Two children with the highest tactile thresholds (child 5 and child 8, Table I ) used the most (5.4-20°) trunk flexion.
DISCUSSION
To our knowledge, this is the first study to compare upper-limb kinematics in children reaching in a virtual environment to those in a physical environment. Similar to previous studies in adults, movements in 2D virtual environments were slower and involved less trunk movement. 6 Overall, frontal and vertical gestures were more influenced by the virtual environments than sagittal ones in both groups. Differences in kinematics could be related to altered perception of the user's hand and/or of the hand's interaction with the object in virtual environments. To interact effectively with an object, visual cues (e.g. object size constancy, shadows, drop-lines, etc.) are required to correctly identify object location and distance. A virtual environment lacking such visual cues may lead to a distorted perception because of misinterpretation of depth. 23 Hence, the hand avatar in virtual environments should represent the actual hand location with respect to the target for a higher fidelity of distance representation. 24 The use of a hand avatar may be responsible for the smaller trunk displacement used in both groups. It is likely For S-W, the normal age appropriate range is 2.83-3.61. 32 MACS, Manual Ability Classification System; S-W, Semmes-Weinstein; ROM, range of motion; F, female; X, quality of muscle reaction (maximum score of 5); V, stretch velocity; M, male. that children realized that the hand avatar movement alone was sufficient for reaching the virtual target. This may have resulted in the use of greater shoulder ranges of motion in the virtual environment. Similar results have been reported in adults with stroke making arm movements in a 3D virtual environment viewed through a head-mounted display. 25 Depth representation through drop-lines and shadows in 2D virtual environments may have contributed to better object depth perception, the preservation of movement time (Fig. 3) for the sagittal target and the use of a larger range of shoulder motion.
For all gestures, movement time was longer in virtual environments compared to physical environments. Several studies have reported large Kinect tracking errors when targets are located remotely and not directly aligned in front of the participant. 5 These errors may lead to inaccurate estimates of real distance, which may be responsible for slower movements. 26 The increased movement time in virtual environments may also be explained by the perceptual uncertainty of object location resulting in movement corrections as the hand approaches the object, 27 or more curved trajectories.
Differences in the use of shoulder flexion for the vertical gesture between groups can be explained by the longer reaching distance of typically developing children in both environments. Children with CP may have under-reached the target also because of the Kinect tracking error not reflecting the actual movement trajectory. Kinect tracking errors are reportedly as high as 8.7cm for the endpoint, which would allow children to successfully reach the virtual target using a smaller movement. 5 Since determination of reaching distance in physical environment was based on the movements made in virtual environments, the smaller distance would also apply to physical environment.
All other differences between groups were considered small and clinically insignificant, possibly because of the mild nature of motor impairments in the children with CP, who are likely to have similar levels of activity compared to their typically developing peers. 28 The differences may also have been caused by the use of the dominant arm in typically developing children compared to the more-affected arm in children with CP. In healthy adults, endpoint trajectories are less accurate and joint coordination patterns differ for reaching movements made with the non-dominant compared to the dominant arm. 29, 30 However, these results may not be directly applicable to children.
There was no relationship between sensory impairments, endpoint performance, and most movement quality variables. Although slower movements in children with CP have been associated with decreased precision because of lack of feedback information, particularly proprioception, 31 children in our study had intact proprioception and only mild tactile impairments. However, trunk displacement for all gestures in virtual environments and for the sagittal gesture in physical environments were related to the presence of tactile deficits in children with CP. This may be related to the lack of availability of visual feedback for the correction of trunk movement in these children. However, this conclusion should be interpreted with caution as high values from two participants may have skewed the results. In addition, the narrow range in tactile scores may have limited the use of Pearson correlations.
CONCLUSION
Small to large differences (2.8%-155%) in reaching kinematics were observed for three gestures performed in a 2D virtual environment compared to a matched physical environment in typically developing children and in children with CP. Aside from trajectory distance for the frontal movement, reaching kinematics were similar for all three gestures between groups. Children with greater tactile deficits may use more trunk displacement.
Our results suggest that if low-cost, game-based virtual reality systems, such as the one studied here, are used as adjunctive therapies for upper-limb motor training in children with mild unilateral CP, differences in kinematics should be taken into consideration when setting training goals. Furthermore, training in a virtual environment should be followed by practice in the physical environment to ensure appropriate perceptual adjustment and translation of training gains into activities of daily living performed in real time and space. Future studies should investigate reaching kinematics in game-like virtual environments with better 3D rendering and movement tracking, compared to physical environments. Studies in children with more severe cognitive and motor impairments should also be done since these could impact movement strategies and perception in virtual environments.
Limitations
Interpretation of the results cannot be extended to children with moderate-to-severe CP. These results are only applicable to a 2D and cannot be extended to a 3D virtual environment.
SUPPORTING INFORMATION
The following additional material may be found online: Table SI : Mean kinematic data of sagittal, frontal, and vertical gestures made in a physical and a virtual environment in typically developing children Table SII : Mean kinematic data of sagittal, frontal, and vertical gestures made in a physical and a virtual environment in children with cerebral palsy
